To evaluate the effect of real time feedback provided by smartphone application on cardiopulmonary resuscitation (CPR) performance. Methods: Participants were randomised in two groups based on whether chest compression with or without the assistance of the smartphone application. Both groups performed hands-only CPR on a mannequin for 4 minutes. Data on CPR performance of both groups was compared. To assess the reliability the feedback value, we compared the CPR data from Skillmeter and data from smartphone. A questionnaire survey to participants about the usefulness of the application was also evaluated. Results: Twenty-one subjects were recruited for the study. We found no significant difference in mean chest compression rate (103.35.0/min vs. 107.11.7/min; p=0.133) and depth between the two groups (47.3 [39.3, 56.2] mm vs. 45.8 [40.3, 49.9] mm; p=0.085). The proportion of adequate compression depth over the total compression was significantly higher in the group using the smartphone (38.1% vs. 22.2%; p=0.034). The CPR data displayed on smartphone application in mannequin's chest was not different from Skillmeter software. The majority of the participants considered the application easy to use, but holding the smartphone during CPR hampered compression. Conclusions: Real-time audio-visual feedback on CPR depth and rate using a smartphone application can help to maintain the adequate chest compression depth in prolonged CPR. A better method to hold the smartphone may maximise the feedback effect on CPR quality. (Hong Kong j.emerg.med. 2014;21:153-160) 目的：探討智能手機應用程式實時反饋對 CPR 表現的影響。方法：受試者根據是否使用智能手機應用程 式幫助胸部按壓隨機分為兩組。兩組在人體模型進行心肺復甦術 4 分鐘。比較兩組的 CPR 表現數據。為 了評估反饋的可靠性，我們比較了 Skillmeter 和智能手機的 CPR 數據。以問卷調查，了解參與者對應用 程式實用性的評價。結果：二十一受試者納入研究。我們發現兩組之間在平均胸部按壓率（ 103
Introduction
The high quality chest compression is an important c o m p o n e n t o f s u c c e s s f u l c a r d i o p u l m o n a r y resuscitation. 1, 2 The American Heart Association (AHA) 2010 guidelines emphasize the importance of u n in t er r u p t ed h ig h-q u a lit y c ard io pu lmo na r y resuscitation (CPR). 3 However, recent observations in pre-hospital and hospital resuscitation attempts have reported significant shortfalls in the quality of CPR performed in clinical practice. 1, 4, 5 Various methods to improve CPR quality have been suggested. The use of feedback/prompt devices can facilitate skill acquisition and retention during CPR training and may be useful in clinical practice as part of an overall strategy to improve CPR quality. 3, 6 Due to their widespread distribution and ease of use, smartphones represent useful devices that could improve CPR quality. Smartphones equipped with an accelerometer can give real-time feedback on CPR quality. Currently, there are several smartphone applications, which can provide real-time feedback information on chest compression as well as record compression data suitable for debriefing. 7 However, most applications can only give feedback on the rate but not the depth of compression. 8 In this study, we performed the following two types of evaluations of smartphone applications that give feedback on both the rate and depth of chest compression: (1) assessment of the compression quality performed by trained personnel with or without the help of the smartphone application; (2) description of the feedback indicators of the application by comparing the data obtained when the smartphone was in the rescuer's hands or placed on the mannequin's chest.
Methods
The subjects of this study were volunteer students from the medical college of Konyang University, Daejeon, Republic of Korea. All participants were trained as 2010 AHA basic life support providers through the Objective Structured Clinical Examination (OSCE) within 3 months before enrolment in the study. The study was conducted in September 2011. The subjects who could not perform hands-only CPR due to certain physical conditions were excluded from the study. The subjects were informed about the objectives and methods of the study, and all volunteers took part in the study after signing the study agreement accepted by the hospital's institutional review board. No financial or any other rewards were offered to the participants. This study was approved by the institutional review board of Konyang University Hospital as a randomised cross over trial. All subjects received a standardised e x p la n a t i o n o f t h e s ma r t p h o n e a p p li c a t i o n . Instructions were strictly limited to those related to the user interface for the specific application, with no instructions regarding CPR. All participants were evaluated twice on the same mannequin in a simulated cardiac arrest. The subjects were randomised such that half the subjects performed CPR first without smartphone and half the subjects performed first with smartphone. (ZOLL Medical Corporation, Chelmsford, MA, USA), which is freely available in App Store. This application measures the rate and depth of chest compressions using an accelerometer sensor and double integration in real time, and gives audio-visual prompts to push faster or slower and to push harder or softer as needed. In addition, the application features a metronome set at 100 beats per minute. The rescuer compressed the victim's chest following the prompts with grasping the smartphone during CPR (Figure 1 ). This application can record the data of chest compression and send the data to a prior registered e-mail address. The iPhone 4 ® (Apple Computer Inc, CA, USA) was used for the experiments.
All subjects were instructed to perform up to 4 minutes of hands-only CPR on a mannequin (Resusci Anne Skill Reporter, Laerdal Medical, Stavanger, Norway) laid on the rigid floor without patient evaluation, call for help, or pulse check. After the end of 1st phase of the study, the roles were switched and the second phase of study began. Between the two phases there was an interval of one hour for rest.
The mannequin was connected to a laptop computer and data of CPR performance on the mannequin was transmitted to the computer via the Skillmeter software (Laerdal PC Skill Reporting System, Laerdal Medical, Stavanger, Norway). We analysed this computer recorded data of compression rate, depth and adequate chest compression which was defined as one with depth at least 5 cm. We defined the proportion of adequate depth as that a number of chest compression with adequate depth divided by number of total chest compression in elapsed time (30 seconds).
Moreover, to assess the reliability of the data, a second smartphone was placed in the mannequin ' s chest without notifying the subjects. Among the 3 sets of compression data (data from the smartphone in the subject's hands, data from the smartphone in the mannequin's chest, and data from the Skillmeter software), we supposed that data from the Skillmeter software was standard of compression depth, and compared with other data. Of the total 4 minutes of chest compression, the last 2 minutes categorised in 10-second intervals were compared.
At the end of study, each participant was asked to respond to a questionnaire about the usefulness of the smartphone application. The questions, based on a 5-point Likert scale, were designed to understand the participants' perception of user friendliness, usefulness, and convenience of the smartphone application. 8 The primary outcomes were compression depth and rate with and without CPR feedback from the smartphone application. The secondary outcomes included the accuracy of compression depth displayed by the smartphone application and user friendliness by means of Likert scale.
The Statistical Package for Social Science (SPSS) 15.0 for Windows (SPSS INC., Chicago, USA) was used for statistical analysis. Normally distributed data were presented as mean ±standard deviation with 95% confidence intervals. Non-normally distributed data were presented as median with 25-75 percentiles. Differences between the two groups were analysed using either the paired t-test or the nonparametric Wilcoxon signed rank test. Compression measurements repeated over time were analysed using the repeated measures ANOVA test. The Huynh-Feldt epsilon was used when sphericity conditions were not met. Posthoc analysis was conducted using Tukey's method. A p value of <0.05 was considered statistically significant.
The sample size was calculated on a hypothesized 5-mm improvement in compression depth using the feedback device based on a previous study. 9 We used G -p ower 3 .1 .5 ® (Hein e Hein rich Un ivers ity, Düsseldorf, German) to calculate the sample size. Thus, the study required 21 participants to achieve 80% power using a 2-sided test with a significance level of 0.05.
Results

General characteristics of participants
Twenty-one medical students were recruited for the study, of which 13 were male and 8 were female. The mean age of subjects was 23.81.4 years, and mean height and weight were 172.77.3 cm and 65.512.1 kg respectively.
Comparison of general compression quality
The mean chest compression rate obtained with smartphone feedback was 103.35.0/min compared to 107.111.7/min without feedback (Table 1) . There was no statistically significant difference between the two g rou ps, and bo th met th e o ptimal chest compression rate requirement of >100/min. There was no difference in the mean compression depth in the 2 groups, with values of 47.3 (39.3, 56.2) mm with smartphone feedback and 45.8 (40.3, 49.9) mm without smartphone feedback (p=0.085).
The proportion of adequate compression depth over the total compression was 38.1% with the smartphone and 22.20% without the smartphone, which was statistically significant (p=0.034).
Comparison of compression quality over time
Compression depth and proportion of adequate compression depth declined over time (Figures 2 & 3) . A comparison of the compression depth and rate between the two groups measured every 30 seconds showed that the compression rate for the personnel without the smartphone was faster than that for the personnel using the smartphone during the first 2 minutes, although both groups met the requirement of >100/min. There was no statistically significant difference in compression depth or proportion of adequate compression depth during that time. Contrary to this, after 2 minutes, the proportion of adequate compression depth was significant higher in the group with the smartphone (p<0.05) ( Table 1 ). 
Accuracy of compression depth displayed by the smartphone application
The data obtained from the Skillmeter software were compared with the data obtained from the smartphone in the participants' hands and the smartphone placed in the mannequin's chest by repeated measure ANOVA (Figure 4) . Figure 4 shows that a significant reduction in compression depth over time in all of 3 data set, and the difference was not significant between the data recorded by Skillmeter and the data recorded by the smartphone placed in the mannequin's chest (p=0.893)
Convenience of performing CPR with the smartphone application
Data on the user friendliness, usefulness, and convenience of the smartphone application are reported in Table 2 . The ease of use of the application was judged to be high (Q1: 4.31.1). Holding the smartphone during CPR hampered chest compression (Q2; 3.31.2). Finally, the smartphone application helped improve chest compression (Q3: 4.30.7).
Discussion
Compression depth and rate are commonly used as i n d i c a t o r s o f C P R q u a l i t y.
, 1 0
Howe v e r, t h e measurement of these parameters in simulated or clinical settings is very impractical because of the complexity of the currently available feedback devices and their cost. Given the widespread distribution and ease of use of smartphones in recent years, a number of studies have been attempted to evaluate whether using smartphone-based applications for audio-visual feedback on CPR might improve CPR quality. Lee et al 11 compared the effect on CPR quality using either an audio-only device or a video-only device during compression in a simulated cardiac arrest setting, and their results suggest that the feedback from the video device improved the compression rate of the CPR, but not the compression depth. Therefore, they recommended emphasizing strong chest compressions by either describing chest compression depth or using an appropriate video demonstration or a highlighted message. Furthermore, Semeraro et al 8 evaluated CPR feedback prov ided by a s mar tp hone-desig ned application, and their results showed that this application was able to improve the performance of chest compression in terms of compression rate but again not in term of depth. This effect was probably due to the fact that the smartphone application used in the study displayed only the compression rate, but did not give any feedback on its depth.
In our study, we used a smartphone application, which gave feedback on both compression rate and depth. We found that the compression rates obtained with or without smartphone use were not significantly different. Both groups met the compression rate requirement of >100/min proposed by the 2010 AHA guidelines. Because all the participants in the study were recently trained medical students, the positive effect of the use of the smartphone on compression rate was less dramatic than the effects reported in other studies. If participants were lay rescuers not trained in CPR, the differences in CPR rate with or without the smartphone might have been more considerable. Although the depth of compression obtained using the smartphone application was deeper than that obtained without the smartphone, the difference was not significant. However, the proportion of adequate compression depth was significantly higher in the first group, and this result is consistent with previous data. 12, 13 Another important observation was the fact that the mean compression depth and proportion of adequate compression declined over time. It is well known that rescuer's fatigue adversely affects the quality of chest compression when performed without interruption for over 3 minutes, especially in female. 14 In our study, the proportion of adequate compression depth was higher with the smartphone after 2 minutes of compressions. This indicated that the feedback provided by the smartphone application could have a positive effect on compression quality in prolonged CPR. Also, our study showed that the proportion of adequate depth without phone dropped significantly after the first 30 seconds. We hypothesized that relatively large number of female participants (male Table 2 . User response to the application. Participants rated the following statements using a 5-point Likert scale (1=completely disagree, 5=completely agree)
No
Question Mean SD and concluded that this application could improve the chest compression quality. In this study, study participants were mainly male (male vs female 4:1) and they did not demonstrated the fatigue effects on CPR quality. These are major differences compared to our study.
Because of the fragility of mobile phones, the rescuers could not apply pressure on the phone placed directly on the victim's chest, unlike other feedback device. As a possible solution, the smartphone manufacturer proposed that the rescuers perform chest compression while holding the phone in one hand ( Figure 1 ). However, our study showed that chest compression was hampered when performed in this manner. It means that the compression quality may depend on the rescuer's posture and the position of the hand holding the smartphone. Another solution suggested by the manufacturer was to use an armband or strap to hold the smartphone, but this was not practical in training or clinical settings. Most participants felt that the smartphone application was easy to use and helped to maintain high quality CPR. This suggested that smartphone-based application could be used efficiently as CPR feedback devices if better holding solutions are found.
We compared the values of compression depth measured by the Skillmeter software with the values displayed by the smartphone in rescuer's hands, and in mannequin' s chest, and found a good correlation between them. The values displayed by the smartphone in rescuer's hands tend to be higher than the one recorded in Skillmeter software. This implied that in some situation, smartphone might indicate adequate compression depth despite the compression depth actually applied could be shallow. We assumed that this result could in part explain the weak positive effect we measured on compression depth compared to previous studies that showed stronger positive effects on compression quality. 12, 16 More experiments are needed to confirm the extent of difference in relation with rescuer's posture and the way of holding smartphone.
When we compared the compression depth displayed by the smartphone placed in the mannequin's chest with the value displayed by the Skillmeter, we found that the former value was shallower, although not significantly different. It is likely that that this difference is due to the different positions of the smartphone and Skillmeter sensor. Based on our results, we suggest that the smartphone can be placed in the mannequin's chest with a transparent window to feedback audio-visually the exact compression depth and rate in a training setting. This may be an alternative solution to holding the smartphone in rescuer' s hand during CPR training.
Limitation of study
There were several limitations in our study. First of all, it was conducted in a simulated cardiac arrest situa tion and it involved the p er forman ce of compression only CPR (without ventilation). Clinical studies with larger sample sizes would be required to determine how well the rescuers perform compression only CPR in a clinical setting. Secondly, the participants of the study were all medical students who recently trained as CPR providers rather than lay rescuers. In this case, a larger clinical study is needed to evaluate the effects of the feedback provided by the smartphone application on the CPR performed by lay rescuers. Thirdly, multiple factors that determine CPR quality, such as hand position and chest recoil, were not measured. In addition, in our study the time required to confirm cardiac arrest, call for help, and start the first compressions was not calculated. Finally, the number of participants enrolled in the study was small.
Conclusion
In this study, we confirm that real-time audiovisual feedback on CPR depth and rate using a smartphone application can help to maintain adequate chest compression depth in prolonged CPR situation. The smartphone application used in this study is easy to use, but holding the smartphone during CPR hampers chest compression. The compression depth displayed by the smartphone is similar to the actual depth generally, but a better method to hold the smartphone should be adopted to maximise the feedback effect on CPR quality.
